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Abstract 
The extinction characteristics of heptane pool fires were studied in a reduced-scale fire compartment with controlled ventilation. 
Temperatures at different heights above the flame and at a corner of the compartment, oxygen concentration at ceiling and floor level, 
carbon monoxide concentration, fuel-mass-loss rate, compartment pressure and ventilation rate were measured. Several tests were 
performed at very low ventilation rates leading to the extinction of the flame. It is shown that the fuel-mass-loss rates are reduced in these 
burning conditions compared to free-burning cases. The oxygen concentration at flame extinction was about 14% and did not vary 
significantly between the different tests. This threshold value is discussed and compared to values obtained by other studies. 
	 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Asia-Oceania Association for Fire Science 
and Technology. 
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Nomenclature 
A surface area (m2) 
g gravitational acceleration (9.8 m/s2) 
L heat of gasification (kJ/kg) 
m  mass flux (g/s) 
m′′  mass-loss rate(g/s) 
T temperature (
C) 
v velocity (m/s) 
ρ density (kg/m3) 
θ ambient to compartment gas temperature ratio 
φ global equivalence ratio 
σ Stefan-Boltzmann constant (5.67108 W m2K4) 
CFT critical flame temperature 
Subscripts 
 ambient 
a air 
c ceiling 
d inlet duct 
f flame 
F fuel 
g gas 
l lower layer 
o oxygen 
s smoke 
1. Introduction 
Industrial sites that contain dangerous substances have sealed compartments where the renewal of air is maintained by 
mechanical ventilation. One strategy to combat fires that occur in such compartments is to apply ventilation procedures as 
shown in an experimental study by Prtrel and Such [1]. The implementation of these procedures limits the flow of air into 
the compartment. The fire dies when the vitiated air in the compartment can no longer sustain combustion. It is important to 
determine the conditions in which these fires are extinguished so that their efficiency can be evaluated. This study aims to 
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determine these conditions for heptane pool fires at a reduced scale. 
A well-known method for studying flame-extinguishing conditions of hydrocarbon fuels is by using cup-burners [2]. 
This apparatus is made of a fuel cup centrally-positioned in a glass chimney where air mixture is delivered from the base. 
Fuel level in the fuel cup is maintained by a fuel reservoir to which the bottom of the fuel cup is connected. Typically, this 
method is used for determining minimum extinguishing concentrations of fire-fighting inert gases.  
Another method uses small-scale fire compartments with small wall vents for enclosure fire behaviour studies [3]. Using 
this method, tests are closer to real-life fire scenarios and the flame extinction is less affected by air movement.  
This study uses a similar compartment but the wall vents are replaced by an air-inlet duct at floor level and a ceiling vent. 
A fan can be fitted above the ceiling vent to force air out of the compartment. The fans low extracting power allows the 
compartment to reach lower ventilation rates.  
A flame can be sustained if the combination of both heat release rate and the heat flux into the flame zone exceeds its 
heat loss. As it is impossible to measure these processes, values of fuel mass loss rates, temperatures in the flame zone and 
near the flame during flame extinction are determined so that their relationships can be discussed and compared to other 
data. 
It has been observed in cup-burner tests that the extinction of flames can be provoked by air-blowing effects. In this 
study, the low-ventilation rates applied to the compartment is presumed to produce low aerodynamic effects on the flame. 
Visual observations show that the blue-yellow flame in our tests were stable and didnt seem to be affected by the flow field 
of air.  
2. Experimental setup 
2.1. Fire compartment with controlled ventilation 
The compartment is a one-meter cubic fire compartment made of steel. Thermal insulation of the compartment is insured 
by 50 mm-thick refractory ceramic fibers on the inner walls. Braids are lined on all sides of the walls and are crushed by 
adjacent walls to prevent air leaks. As shown in Fig. 1, air enters the fire compartment through an air-inlet duct of 1 cm 
diameter located near the floor. Fire smoke exits through a ceiling vent of 4.5 cm in diameter, upon which two types of fan 
can be fixed to force air extraction out of the compartment. Three ventilation procedures were used in our study: 
A. Instead of using the air-inlet duct, the inlet vent is shut tight by a blind flange. The ceiling vent is left open without a 
fan. 
B. The air-inlet duct is used. The air speed inside this duct is measured using a hot wire probe. A small fan is fixed on the 
ceiling vent to evacuate gases.  
C. Same procedure as above but a more powerful fan is used. 
Four tests of Heptane pool fire were conducted in this study. In Test 1, a fuel pan of 111 mm inner diameter made of 
borosiclicate glass was used and ventilation procedure A was applied. In the subsequent three tests, two identical fuel pans 
were used for each test and the three ventilation procedures were applied correspondingly (see Table 1).  
Table 1. Test settings 
 Number of fuel pans Ventilation procedure 
Test 1 1 A 
Test 2 2 A 
Test 3 2 B 
Test 4 2 C 
2.2. Measurements 
Fuel-mass loss, gas temperatures above and away from the flame, differential pressure at floor level, oxygen and carbon 
monoxide concentrations, and air flow into the fire compartment were measured.  
The mass loss was measured by a Mettler Toledo precision scale with a resolution of 0.1 g. Due to its low heat resistance, 
the scale was placed under the fire compartment. To ensure air-tightness, a ceramic cylindrical shaft and water seals were 
used to connect the fuel pan(s) to the scale (see Fig. 1). This sealing system is similar to the one used in the study by Utiskul 
et al. [3]. 
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Two arrays of 5 Type-K thermocouples measured the vertical temperature profile of gases above the brim of the fuel 
pan(s) and at a corner of the compartment. One extra Type-K thermocouple was placed near the flame to measure the 
temperature of its surrounding gases. One extra Type-K thermocouple was placed near the flame to measure the temperature 
of its surrounding gases. For protection from flame heat radiation, a metal plate was suspended between them using metal 
sticks. In Tests 2 to 4, the two pans are placed side by side in such a way that the thermocouples measuring flame and near-
flame gas temperatures are positioned between them on the vertical plane. 
  
Fig. 1. Front view of the experimental apparatus. Fig. 2. Mass loss rate   
,,
  for the four tests. 
Oxygen fraction and carbon monoxide concentrations at floor level and at ceiling level were determined independently 
by two different gas analyzers. Gases near the flame, approximately 3 cm away from the brim of the fuel pan, were analyzed 
by an Ecom J2K gas analyzer. Gases near the ceiling of the compartment were analyzed by a Testo 350 gas analyzer. 
A pressure gauge tube was inserted into the compartment at floor level in order to obtain pressure readings within the 
compartment.  
The fans used in ventilation procedures B and C operated at constant voltage and electric current.  The flow of air into 
the compartment was determined using a measurements of air speed by a hot-wire probe inside the air-inlet duct. 
Data from the precision scale and thermocouples was taken at a scan rate of 250 ms. The gas analyzers, hot wire probe, 
and differential pressure probe provided values every 1 s. 
2.3. Fuel-mass- loss rate and ventilation analysis 
The extraction of air in ventilation procedures B and C creates a depressurized environment inside the compartment. 
When no tests are carried out, the application of these two procedures to the compartment causes a constant depression of 
20 Pa and 35 Pa respectively, and a mass air-flow rate through the air-inlet duct of 7.4  10-2 g/s and 9.2  10-2 g/s 
respectively. Due to the fluctuating nature of the energy released by the combustion of pool fires, oscillations occurred in 
the readings of these two parameters during all tests.  
Since the force felt by the cylindrical shaft and its surrounding water surface can be transmitted downwards to the 
precision scale, pressure variations within the compartment can affect fuel mass loss measurements. However, flames close 
to extinction generate insufficient energy to cause significant pressure changes. This is verified by our pressure readings 
showing near-zero pressure changes when the flame is near extinction. As this study deals only with the characteristics of 
flame extinction, no corrections to the fuel-mass-loss measurement has been made. Fig. 2 shows the fuel-mass-loss rate 
From the onset of the fire until extinguishment. Mass values after flame extinction were not included in the calculation of 
fuel-mass-loss rates because the sudden sharp peak of depression during flame extinction distorted scale measurements. 
High amplitudes of fluctuation recorded in the beginning of the graph were caused by flame-generated pressure variations. 
The mass-loss rates are close to free-burn rates (12 g/m2s) in the beginning, and then gradually decreased as the flame 
reached extinction. Their values at the point of flame extinction can be found in Table 2.  
For comparison purpose later, a parameter called ventilation parameter [3] is determined by calculating the ratio of air 
entering the compartment,  , to the area of the fuel pool, 	
, at flame extinction. 
In Tests 1 and 2, ambient air is buoyantly-driven into the compartment through the ceiling vent. Epsteins equation for 
calculating the air-flow rate by is used [4]: 
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where is the density of air at ambient temperature, Ac the ceiling vent area, g the gravitational acceleration, θ the ambient 
to compartment gas temperature ratio. To obtain θ, ambient temperature is taken as 20 
C (293 K), and the compartment gas 
temperature is represented by the average of the vertical distribution of gas temperatures measured at a corner of the 
compartment when flame extinction occurred. The values for θ are 0.70 for Test 1 and 0.60 for Test 2. 
In Tests 3 and 4, ventilation was forced by a fan through the ceiling vent. To calculate air flow, the air-flow speed v, 
measured by the hot wire probe in the air inlet duct, is converted into air-flow mass using Eq. (2): 
a dm A vρ∞=                                                                                             (2) 
where Ad  is the area of the air-inlet duct. Taking into account the surface of the hot wires shaft, the value of Ad is 2.43ax 10-5 
m2. At the point of extinction, the speeds measured are 2.5 m/s for Test 3 and 3.1 m/s for Test 4, which give Reynolds 
numbers of 1622 and 2011 respectively. The air flow is therefore in laminar regime. This allows us to assume that the hot 
wire, covering almost the entire length of the duct diameter, measures the average air speed inside the air-inlet duct.Table 2 
summarizes the results obtained. 
Table 2. Fuel-mass-loss rate and compartment ventilation 
 Vent type Fuel-mass-loss rate 
 ,,
  , g/(s m
2) 
Ventilation parameter 
 
  , g/(s m
2) 
Global equivalence ratio, 
φ= 18.92 ,,  
Test 1 
Natural ventilation 
4.4 4.98 16.7 
Test 2 3.0 2.96 19.2 
Test 3 
Forced ventilation 
3.2 3.83 15.8 
Test 4 4.2 4.75 16.7 
3. Results and discussion 
3.1. Fire growth and extinction 
Figure 3 shows the flame-zone temperature at 20 cm above the fuel pan on the flames axis for the four tests, Tf,20 cm. Tf,20 
cm is not the temperature of the flame sheets, but rather an average temperature of the flame plume since at this height, the 
flame is intermittent. The graphs in this figure show that the fire development and the sequence of events inside the 
compartment are the same for all tests, but they occur at different times after ignition. Three periods can be distinguished. 
During the first period (< 20 s), the fuel pan and liquid heptane are rapidly heated, so Tf,20 cm increases quickly. Then in the 
second period, the temperature increases slowly until 70-80 s for Tests 2 to 4 and 100-150 s for Test 1, due to the heat 
exchanges between the hot smoke layer and the walls of the compartment. In the third period, Tf,20 cm and the mass loss rate 
(see Fig. 2) decreases. This observation coincides with a considerable reduction of oxygen concentration in the compartment 
(shown in Fig. 5). After several minutes, flame extinction occurs at different time for each test: 177 s, 193 s, 219 s and 377 s 
for Test 2, 3, 4 and 1 respectively. For Tests 2 to 4, an increase in ventilation rate delays flame extinction. A ghosting flame 
several centimeters above the fuel pan manifested moments before flame extinction in Tests 2 and 4, with the latter lasting 
longer. This explains a dent in their temperature graphs during flame extinction.  
Figure 4 shows the temperatures measured by the thermocouple located very close to the pool fire (see Fig. 2) and 
shielded from flame radiation. These values are important, as they represent the temperature Tg,l in the lower layer of gas 
which feeds the flame. At flame extinction, Tg,l is found to be 98 
C to 113 
C for tests with two fuel pans, and 61
C for one 
fuel pan. 
Figures 5 and 6 present the changes in oxygen concentrations close to the floor and near the ceiling. Both graphs show 
that they decrease almost immediately after ignition. Comparing the two figures, it is obvious that the oxygen concentration 
is always slightly higher near the ground. The difference between the four tests is more pronounced in the lower layer of the 
compartment. After careful examination of the variation in oxygen concentration close to the floor, it should be highlighted 
that its decrease stops a few seconds before the flame dies. This last event occurs at oxygen concentration between 13 and 
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15% near the flame for the four tests. Exact values are reported in Table 3. 
In Figs. 7 and 8, the variations of carbon monoxide concentrations at the top and at the bottom of the compartment 
present the same trend. However, the maximum values reached during the third period (strong under-ventilated regime) are 
different. Compared to the oxygen concentrations given in Fig. 5, they have differing characteristics. The CO concentrations 
near the ceiling are higher and the difference between the tests is more pronounced than those measured near the floor. 
  
Fig. 3. Flame-zone temperature at 20 cm above the fuel pan, Tf,20 cm. Fig. 4. Gas temperature near the flame at floor level, Tg,l. 
  
Fig. 5. Oxygen concentration near the flame at floor level. Fig. 6. Oxygen concentration near the ceiling. 
  
Fig. 7. CO concentration near the flame at floor level. Fig. 8. CO concentration near the ceiling. 
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3.2. Analysis of flame extinction conditions 
For the four tests, the values of temperature, O2 and CO concentrations at the time of extinction are shown in Table 3. It 
must be noted that the variations of some parameters are different a few second before flame extinction. For Test 1, all the 
parameters decrease slowly until the flame disappears. For Tests 2 and 3, the mass-loss rate and the temperature above the 
fuel pan drop quickly seconds before extinction as shown in Figs. 2 and 3. For Test 4, there are similar observations but the 
ghosting flame that lasted many seconds delayed them. 
 
It must be noted that mass-loss-rate values in these tests (see Table 2) are lower than the free-burn rate of 12 g/m2s. At 
the point of flame extinction, it is admitted that the radiation heat flux from the flame is much lower than from the smoke 
and compartment walls. The mass loss rate for under-ventilated fires,  ,, , can be approximated by the sum of two terms [3]: 
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where  ,,, is the free burning rate per unit area,   the local oxygen concentration,  ,  the oxygen concentration of 
ambient air, ! the Stefan-Boltzmann constant, "#$ the smoke and wall temperature, %&' and ( the temperature and the heat of 
gasification of the fuel. Using our values of local oxygen concentration near the flame in our four tests, the value of the first 
term already exceeds the measured mass-loss rates. Therefore, by separating the influence of oxygen concentration and that 
of external radiant heating, Eq. (3) overestimates mass-loss rates.  
The data produced in this study can be compared to Utiskul et al. [3]. Although the experimental protocol is similar in 
both studies, the ventilation device of our experimental apparatus allows us to reach lower levels of under-ventilation. 
Comparisons are made in Figs. 9 and 10 for fuel mass loss rate and oxygen concentration at the time of flame extinction in 
the lower layer of the compartment. 
The fuel mass loss rate decreases when ventilation parameter decreases for a given fuel surface area. This trend seems to 
agree with Utiskul. However, our values for oxygen concentration are much higher than Utiskuls, even at lower levels of 
ventilation parameter. This could be explained by the fact that our ventilation configurations and that the position at which 
the gases are sampled are different. Nevertheless, our values agree with a similar study on flame extinction using diesel fuel 
by Peatross and Beyler [5], in which oxygen concentrations below 14% could not be achieved. Back et al. [6] measured 13.5% 
for pool fires at flame extinction in water mist extinguishment tests, which is still very close. Only Morehart et al. [7], when 
studying the extinction of flames using combustion products, found values near Utiskuls, at 12.4% for a 50cm-diameter 
pool burner, but a higher value of 14.3% was measured for a 9 cm pool burner. Very little difference can be found between 
tests for CO concentrations at flame extinction. Our values are significantly smaller than Utiskuls, possibly because the 
compartment used in our study is larger, so the CO is more diluted for a given quantity produced. 
Much work had been done in the past on flame extinction mechanism [8, 9]. They show that the critical flame 
temperature (CFT) can be used as a flame suppression criteria. There are no generally accepted CFT values for a given fuel. 
For example, Beyler [9] suggests that the CFT depends on the fuel-air equivalence ratio whereas Version 5 of Fire 
Dynamics Simulator proposes a value of 1700 K for its fire extinction model [10]. 
It may be interesting to determine the relationships between these three parameters during flame extinction: temperature 
in the proximity of the flame, Tg,l, and within the flame (CFT), as well as oxygen concentration. Ideally, the CFT should be 
measured with precision. But such undertaking is too difficult to achieve in a fire scenario. The temperatures above the fuel 
pan have been measured in our study but they are merely average temperatures of the flame plume. 
Some studies suggested that the oxygen concentration at flame extinction can be represented in the function of Tg [3, 11]. 
However, our data on these two parameters (see Table 3) shows that no clear trend can be found and that the oxygen 
concentration does not vary significantly between tests. 
Table 3. Temperature, O2, and CO concentrations at the time of flame extinction 
 Temperature of gas in 
the proximity of  the 
flame, 
C 
O2 fraction at floor 
level, % 
O2 fraction at ceiling 
level, % 
CO concentration at 
floor level, ppm 
CO concentration at 
ceiling level, ppm 
Test 1 61 13.8 12.9 177  197  
Test 2 98 13.5 12.0 182  221  
Test 3 99 14.3 11.6 168  229  
Test 4 113 14.3 11.8 192  269  
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Fig. 9. Mass-loss rate vs. ventilation parameter. Fig. 10. O2 concentration vs. ventilation parameter. 
3.3. Flame extinction by extinguishing gas 
According to cup-burner tests [12-14], flame extinction can also be caused by the dilution of air by inert gases which act 
as a cooling sink to the flame. This process could have occurred in the present study. Only CO2 produced by the pool fire 
can be considered since the other gases are in very low concentrations (see CO concentration values in Table 3). Before 
performing further analysis, it is important to look at the CO2 dilution and mixing process with other gases inside the 
compartment. 
  
Fig. 11. Temperatures at different heights above the pool fire in Test 2. Fig. 12. Temperatures at a corner of the compartment in Test 2. 
Figures 11 and 12 present temperatures at different heights above the pool fire and at a corner of the compartment. Close 
to the pool fire, the temperatures are much higher and a substantial vertical gradient can be observed, indicating that the hot 
plume is in this part of the smoke layer. Higher, thermocouples at 57 and 72 cm measure temperatures that are close to each 
other, showing that right below the ceiling, the smoke layer is quite homogeneous. The vertical gradient of temperatures 
measured at a corner of the compartment is less pronounced. Smoke and fresh air can therefore be considered quite well-
stirred here. Measured temperature values are about 200 
C, which are around 100 
C lower than the values obtained in the 
smoke layer above the pool fire right below the ceiling. By closely examining these temperature graphs, it can be deduced 
that the flow pattern inside the compartment consists of a hot plume at the center which does not reach the ceiling, and 
which gives rise to a recirculation flow, spreading smoke throughout the compartment. This means that fresh air near the 
floor is gradually contaminated by the growing vitiated atmosphere. Flame extinction in the compartment can therefore also 
be explained by the dilution of fresh air by carbon dioxide. 
CO2 concentrations have not been measured but calculated values can be obtained. It can be assumed that the available 
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oxygen (close to the chamber floor) is consumed in stoichiometric proportion with heptane and only CO2 and water vapour 
are produced. Considering the global equivalence ratios (reported in Table 2), the approximate CO2 concentration is found 
to be in the range of 4 to 8% for the four tests. These values are much lower than the ones observed in the cup-burner tests 
[15]. There is no clear explanation for this discrepancy. One may suspect that the blow-off process is different in the cup-
burner tests or that there is a greater heat exchange between the flame and its surroundings in our compartment. 
4. Concluding remarks 
Experiments on flame extinction have been carried out using heptane pool fires in a ventilation-controlled compartment. 
Unlike a similar study by Utiskul et al. [3], lower ventilation rates have been achieved. It is found that at flame extinction, 
fuel-mass-loss rates are much lower than in free-burning cases. Oxygen concentration values are about 14% and do not 
differ significantly between tests. 
Many studies [3, 8, 9, 11] point out that flame extinction in compartment fires is a very complex process. It involves an 
interplay between the oxygen concentration in the air which feeds the flame, critical flame temperature (CFT), external 
radiant heat to the fuel surface, and the presence of inerting gas. Our oxygen concentration and fuel-mass-loss rate values at 
flame extinction do not seem to agree with Eq. (3) which aims to relate these two parameters. To measure the CFT, a more 
sophisticated method is required, as our thermocouples above the fuel pan are not always in the flame zone.  
Dilution effects of inerting gases on flames may have played a role in flame extinction in our tests. But the main inerting 
gas present in our tests, CO2, had not been measured. Further work is required to determine its influence. 
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